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Evidence of the participation of electronic excited states in the
mechanism of positronium formation in substitutional Tb1xEux(dpm)3
solid solutions studied by optical and positron annihilation spectroscopies
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Positronium formation in the bimary molecular solid solutions Tb1xEux (dpm)3 (dpm =
dipivaloylmethanate) has been investigated. A strong linear correlation between the 5D4 Tb(III)
energy level excited state lifetime and the positronium formation probability has been observed.
This correlation indicates that the ligand-to-metal charge transfer LMCT states act in both
luminescence quenching and positronium formation inhibition, as previously proposed. A kinetic
mechanism is proposed to explain this correlation and shows that excited electronic states have a
very important role in the positronium formation mechanism.
1. Introduction
The properties of positrons in material media have been used
as an important probe to access microscopic information.1–3
The bound state between a positron (e+) and an electron (e),
called positronium (Ps), can be formed with two diﬀerent spin
states: para-positronium (p-Ps, singlet state) and ortho-
positronium (o-Ps, triplet state), with intrinsic vacuum life-
times of 0.125 and 142 ns, respectively. The long o-Ps lifetime
decreases to a few nanoseconds in a material medium, due to
pick-oﬀ annihilation of the positron by surrounding electrons.
Three models have been proposed for Ps formation: the
‘‘Ore model’’,4,5 the ‘‘spur model’’,6 and the ‘‘resonant model’’,7–9
the spur model being the most accepted for positronium
formation in condensed matter. According to all these
models,3–10 the highly energetic positron emitted from the
radionuclide used as positron source ﬁrst loses its high kinetic
energy within a few picoseconds by elastic collisions, until it
reaches a few tenths of an electron-volt. During this ﬁrst step,
no signiﬁcant interactions occur between the positron and the
molecular electrons.3–10 In a second step, the epithermical
positron resulting from the ﬁrst step loses its remaining kinetic
energy by inelastic collisions, leading to ionization and excita-
tion of the molecules of the medium. After slowing down
(according the Ore model or the resonant model), epithermic
positrons form the Ps during a collision with the molecules of
the medium. According to the spur model, only the free and
thermalized positron reacts with one of the free and also
thermalized electrons, produced inside the terminal spur of
the positron slowing-down track. Other competitive reactions,
occurring with the free positron and free electrons inside the
spur, such as cation–electron recombination, positron or
electron trapping or scavenging, can explain the inhibition of
the positronium formation according to this model. The
Stern–Volmer equation is consistent with this competitive
reactional kinetic mechanism into the spur, and has been used
frequently to ﬁt the experimental variation of the positronium
formation intensity versus the concentration of an inhibitor
solute in liquids11,12 and solid solutions.13–15
The positronium chemistry of solid coordination compounds
has been studied sporadically since the 1980s.13–23 These studies
have evidenced the importance of the chemical properties of both
the ligand and the central metal ion in Ps formation.13–23 In
lanthanide complexes, positronium formation has been observed
in all trivalent ions through the lanthanide series, except in many
Eu(III) complexes.19–21 Actually, positronium formation in an
Eu(III) ion had not been reported until the formation of Ps in
high luminescent Eu(III) complexes was observed by our group in
2006.22 Based on this fact and other experimental evidences from
previous works,18–21 we propose a positronium formation inhibi-
tion mechanism involving ligand-to-metal charge transfer
(LMCT) excitation in Eu(III) coordination compounds.18,20,23
To the best of our knowledge, positronium formation in solid
solutions involving diﬀerent lanthanide ions has not been studied
yet. In this work, we investigate the positronium formation
probability and its correlation with photoluminescence in mole-
cular systems containing both the complexes Tb(dpm)3, a highly
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luminescent compound with a characteristic green emission
arising from photoluminescence of the Tb(III) ion, and
Eu(dpm)3, which does not present the strong red emission
photoluminescence of the Eu(III) ion, because the LMCT state
dpm- Eu(III) acts as a luminescence quencher.24–26
2. Experimental
The Tb(dpm)3 and Eu(dpm)3 complexes were synthesized
from the corresponding lanthanide chlorides, which were
prepared from lanthanide oxides (Tb4O7 and Eu2O3) and
hydrochloride acid with purity better than 99.9% purchased
from Aldrich. The pH of the mixture was then adjusted to 6
by evaporation of water, leading to crystalline LnCl36H2O
compounds (Ln = Eu3+ and Tb3+).
The Ln(dpm)3 complexes were synthesized and puriﬁed as
described in the literature.27 The chemical characterization
was made by elemental analysis, infrared spectroscopy, and
X-ray powder diﬀractometry. The results were compared with
published data.
PALS (Positron Annihilation Lifetime Spectroscopy) measure-
ments were performed at 294 K using a conventional fast–fast
coincidence system (Ortec), with time resolution of 260 ps given by
the 60Co prompt curve. The 22Na positron source, with approxi-
mately 20 mCi activity, was sandwiched between two 7.6 mm thick
kapton foils, and the source correction was approximately 20%.
The lifetime spectra (minimum of three measurements per sample)
were satisfactorily resolved into three components by the
Positronﬁt-Extended program,28 leading to intensities Ii and life-
times ti. Subscript i = 1, 2, and 3 refers to p-Ps, e
+, and o-Ps,
respectively. Typical values for t1, t2, and t3 are 0.120 ns,
0.150–0.430 ns, and 0.900 ns, respectively. In this work the PALS
spectra were analyzed ﬁxing t1 at 0.120 ns, reducing the correla-
tion among the ﬁtted parameters leading also to similar ﬁtted
parameters values of the unrestrained ﬁtting procedure.
Photoluminescence measurements were performed in a
spectroﬂuorometer SPEX-Fluorolog 2 with double grating
0.22 m monochromators (SPEX 1680) and a 450 W Xenon
lamp as the excitation source. The excitation and emission
spectra of the samples were recorded at room temperature
(B298 K) and liquid nitrogen temperature (77 K), and
collected at an angle of 22.51 (front face). All spectra were
recorded using detector mode correction. The luminescence
decay curves of the emitting levels and the time-resolved
spectra were measured using a phosphorimeter SPEX 1934D
accessory coupled to the spectroﬂuorometer. All lifetimes were
obtained by single exponential ﬁtting of the decay curves.
The binary solid solutions were prepared by dissolving appro-
priate amounts of the pure compounds in the minimum toluene
volume under stirring. Slow evaporation of the solvent from the
liquid solutions in air at room temperature yielded crystals.
3. Discussion and results
The Tb(dpm)3 coordination compound presented strong green
luminescence emission color because the dpm ligand acts as a
good ‘‘antenna’’ for the Tb(III) ion. The ligand absorbs
photons strongly and then transfers this excitation energy to
the Tb(III) ion, which then emits its typical luminescent
radiation. The photoluminescence emission spectrum obtained
for Tb(dpm)3 is shown in Fig. 1(a). The luminescence emission
narrow bands around 489, 544, 584, 619, 647, 666, and 676 nm
are assigned to the intraconﬁgurational 5D4-
7FJ transitions
of the Tb(III) ion, with J = 6,5,4,3,2,1, and 0, respectively.29
On the other hand, the Eu(dpm)3 complex presents very
weak luminescence intensity at 298 K, because the LMCT
state in the intramolecular energy transfer process of
dpm - Eu(III) acts as a luminescence quencher.24–26 As this
state cannot act as a luminescence quencher at lower tempera-
tures, the photoluminescence spectrum could be obtained at
liquid nitrogen temperature. As it can be seen, Fig. 1(b) shows
luminescence bands around 578, 591, 615, 648, and 691 nm
assigned to the 5D0-
7FJ transitions of the Eu(III) ion, with
J = 0, 1, 2, 3, and 4, respectively.29 Tb1xEux (dpm)3 solid
solutions present the characteristic luminescent emission
bands of both Tb(III) and Eu(III) ions, as shown in Fig. 1(c–e).
The photoluminescence in the Tb1xEux(dpm)3 solid solutions
may result from a rather complex scheme involving photon
absorption by dpm ligand, energy transfer from the pp* states
located in this ligand to the 4f–4f electronic transitions of the
lanthanide ions, energy transfer between 4f states of diﬀerent
lanthanide ions from either pp* or 4f to LMCT states, and ﬁnally
photon emission by both lanthanide ions. In order to investigate
these energy transfer processes, we also obtained the excitation
spectra monitoring both Tb(5D4 -
7F5) and Eu(
5D0 -
7F2)
transitions from the Tb1xEux(dpm)3 solid solutions. The spec-
tral data obtained for Tb0.5Eu0.5(dpm)3 are shown in Fig. 2.
The broad band observed from approximately 250 to 420 nm
in the excitation spectrum enveloped with narrow absorption
Fig. 1 Photoluminescence emission spectra obtained at liquid nitrogen
temperature, at 340 nm for (a) Tb(dpm)3, (b) Eu(dpm)3, (c)
Tb0.9Eu0.1(dpm)3, (d) Tb0.7Eu0.3(dpm)3, and (e) Tb0.5Eu0.5(dpm)3.
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peaks of the Tb(5D4-
7F5) transition in Tb(dpm)3 complex,
shown in Fig. 2(a), corresponds to the 1p- 1p* absorption in
the dpm ligand. The presence of this broad band reﬂects the
existence of the energy transfer process dpm ligand- Tb(III)
ion. The population of the emitting 5D4 level is expected to
occur, so that 3p* state is populated from the 1p* state and
the energy transfer process 3p* - 5D4 then takes place.
29,30
The presence of a similar spectral proﬁle of this band in the
excitation spectrum of Eu(dpm)3 complex, shown in Fig. 2(b),
reﬂects the energy transfer process dpm ligand - Eu(III) ion.
Since Eu(III) and Tb(III) ions present approximately the same
ionic radius, and taking into account that the metal ligand
interaction is very weak in the lanthanide complexes, a very
similar behavior would be expected for the excitation band
associated with the 1p - 1p* absorption on the coordinated
dpm ligand for both the Tb(III) and Eu(III) ions. However,
the intensity absorption of the excitation spectrum for the
Eu(5D0-
7F2) transition in Eu(dpm)3 complex above 325 nm
up to approximately 400 nm decreased when compared with
the Tb(5D4 -
7F5) transition in the Tb(dpm)3 compound.
This diﬀerence may be explained by the 1p*- LMCT and/or
the 3p* - LMCT energy transfer processes, as the LMCT
state is not luminescent and it is located around 400 nm in the
Eu(dpm)3 complex.
24,25 Recently, the role of these processes in
the luminescence quenching in Eu(III) ion has been investi-
gated.25,26,31,32 For both Eu(III) and Tb(III) ions in dpm com-
plexes, the direct excitation through 4f–4f transitions can be
observed. The sharp bands corresponding to the 7F6 -
5L10
and 7F6 -
5G6 transitions of the Tb(III) ion, shown in
Fig. 2(a), do not appear in the spectrum shown in Fig. 2(c).
The occurrence of an energy transfer process from the 5L10
and 5G6 manifolds to the LMCT state can be assumed because
of the presence of Eu(III) ions in the solid system.
The last relevant result from Fig. 2 is that the weak sharp band
located around 485 nm, which is absent in the excitation spectrum
of the Eu(5D0-
7F2) transition in the Eu(dpm)3 complex, shown
in Fig. 2(b), appears in the excitation spectra of the same
transition in Tb1xEux(dpm)3 systems. However, a similar band
appears in the excitation spectrum of the Tb(5D4-
7F5) transi-
tion in both Tb(dpm)3 and Tb0.5Eu0.5(dpm)3 complexes. This
optical datum result indicates the occurrence of a Tb(III)- Eu(III)
energy transfer process. The excitation spectra proﬁles obtained
for Tb0.9Eu0.1(dpm)3 and Tb0.7Eu0.3(dpm)3 (not shown) present
essentially the same features seen in Fig. 2(c) and (d). From the
results discussed above, the following energy level diagram, shown
in Fig. 3, may be constructed to summarize the photophysical
properties of Tb1xEux(dpm)3 solids.
The energy transfer processes shown in Fig. 3 quenches the
lifetime of the emitter 5D4 level of the Tb(III) ion in
Tb1xEux(dpm)3 solid solutions, as depicted in Table 1 and
Fig. 4(a). The lifetime values obtained for the 5D4 level as a
function of the relative concentration of Eu(III) are higher at
298 K than at 77 K (Table 1). The decay constants of the
luminescent state versus the Eu complex mole fraction are
shown in Fig. 5.
The luminescence lifetime of the emitter 5D4 level in Tb(III)
depends on both the Eu(III) concentration and temperature.
The temperature dependence in the Tb(dpm)3 complex is due
to the energy back-transfer from the 5D4 level to the ligand
3p*
state (see Fig. 3). This channel acts as a luminescence
Fig. 2 Luminescence excitation spectra obtained at 77 K temperature
for (a) Tb(dpm)3, (b) Eu(dpm)3, (c) and (d) Tb(0.5)Eu(0.5)(dpm)3.
Spectra (a) and (c) were obtained under emission at 544 nm corres-
ponding to the Tb(5D4 -
7F5) transition. Excitation spectra (b) and
(d) were recorded with emission monitored at 615 nm corresponding
to the Eu(5D0-
7F2) transition.
Fig. 3 Partial energy level diagram for the relevant photophysical process associated with photoluminescence in Tb1xEux(dpm)3 solid samples.
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quenching channel.26,33 However, the thermal quenching is
higher when a fraction of Tb(III) ions is substituted by Eu(III).
This may be due to the introduction of the LMCT state in this
system together with the Eu(III) ions and demonstrates that
this state may act as a luminescence quenching channel.25,31 As
the LMCT state is suﬃciently lower energy than the 5D4 level
of Tb(III) ion, luminescence quenching takes place even at 77 K
temperature, as previously reported.31
For our purposes only the o-Ps formation probability, I3, is
relevant. As depicted in Fig. 4(b), almost no Ps is formed in the
Eu(dpm)3 complex, while its presence in the solid solution inhibits
the Ps formation. The PALS results for the Tb1xEux(dpm)3 solid
solutions are summarized in Table 1 and in Fig. 6(a). These results
show that this system behaves similarly to those involving the
same dpm ligand and acetylacetonate–acac ligand previously
studied:13–15,18,38,39 Ps formation is completely inhibited as a
function of guest concentration. The experimental data obey the
Stern–Volmer expression satisfactorily, Io3/I3 = 1 + kx, where I3
and Io3 stand for the o-Ps formation relative intensities of the
solid solutions and Tb(dpm)3 matrix compound, respectively,
x represents the solid solution composition in terms of fraction,
and k is the total inhibition constant.11–14 The value of k calculated
ﬁtting this expression is 5.6  0.2, with a linear regression
coeﬃcient r = 0.989. The k value obtained for the
Tb1xEux(dpm)3 system is of the same order of magnitude as
those found for similar systems with Al(dpm)3 as a matrix, and
M(dpm)3 (M = Co(III), or Cr(III)) as guest components.
13,14
In our previous works on positronium formation in Ln(III)
coordination compounds, we found a correlation between photo-
luminescence and Ps formation probability in Eu(III) complexes.22
We suggested that the LMCT states play an important role in
Table 1 PALS parameters (lifetimes and intensities) obtained from the positron lifetime spectra analysis with three components, t1 ﬁxed at 0.120 ns,
at (294  1) K, and the luminescence lifetimes obtained from the time resolved luminescence decay spectra, for Tb1xEux(dpm)3 solid solutions
xEu t3/ns t2/ns I3/% I2/% tLTb*/ms at 298 K tLTb*/ms at 77 K
0.000 1.40  0.05 0.611  0.035 39.6  3.4 31.6  3.7 0.763 0.821
0.025 1.65  0.09 0.53  0.02 33.1  1.9 39.2  3.1 — —
0.050 1.57  0.09 0.56  0.04 32.4  2.4 38.5  2.0 — —
0.075 1.87  0.37 0.49  0.02 28.9  1.9 44.6  0.1 — —
0.100 1.74  0.03 0.511  0.004 23.1  0.6 49.7  0.6 0.645 0.795
0.150 1.75  0.05 0.50  0.01 20.2  1.3 53.5  1.4 — —
0.200 1.64  0.08 0.46  0.02 19.9  3.3 53.1  2.4 — —
0.300 1.68  0.04 0.444  0.009 15.0  0.7 59.0  0.6 0.529 0.608
0.500 1.92  0.22 0.40  0.01 11.1  0.9 67.4  1.1 0.517 0.615
0.700 2.06  0.23 0.368  0.005 7.7  2.0 74.7  2.4 — —
1.000 2.20  0.55 0.341  0.004 2.4  0.2 83.3  1.4 — —
Fig. 4 Lifetime spectra of (a) luminescence and (b) positron annihila-
tion of the Tb(dpm)3 and Eu(dpm)3 complexes and of the solid solution
Tb0.7Eu0.3(dpm)3 with a 0.3 mole fraction of Eu complex. The
Tb0.7Eu0.3(dpm)3 luminescence decay spectrum in (a) is for the Tb(III)
ion 5D4 excited state. The PALS calibration in (b) is 55 ps/channel.
Fig. 5 Luminescence decay constants (reciprocal of the lifetime) for
the emitter 5D4 level of Tb(III) ion in the Tb(dpm)3 complex versus the
mole fraction of Eu(dpm)3 complex in the Tb1xEux(dpm)3 solid
solutions. Continuous lines with open squares refer to data at
298 K. Dashed lines with open circles refer to data at 77 K.
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this correlation.22,23 PALS has been used to check the posi-
tronium formation in Tb1xEux(dpm)3 solid solutions as a
function of the molar fraction of the Eu(III) ion. Fig. 6(a)
shows the I3 values obtained for diﬀerent values of the mole
fraction x in Tb1xEux(dpm)3. In order to check the correla-
tion between Ps formation probability and photoluminescence
in these solid solutions, the intensities of o-Ps formation I3
were plotted as a function of the luminescence lifetimes tLtb*
for the 5D4 energy level, as shown in Fig. 6(b).
From Fig. 6(b), a strong correlation between the lumines-
cence lifetime of the 5D4 Tb(III) emitter level and the o-Ps
formation probability I3 can be clearly observed. This result
indicates that the luminescence quenching and the Ps formation
inhibition are correlated in Tb1xEux(dpm)3 solid solutions.
We propose that the Ps formation in the pure Tb(dpm)3
complex occurs from the interaction of a high epithermal
positron, e+**, inside the terminal spur, with the ligand
of the metallic complex. This interaction forms the excited
3p* state of the metallic complex, L*Tb, surrounded by the
resulting lower epithermal positron, e+*, in the cybotactic34
region of the excited complex, which is represented by
{L*Tb e+*}, as shown in reaction (1Tb). One of the decay
channels of the cybotactic system {L*Tb e+*} is through Ps
formation, as shown in reaction (3Tb). In this sense, the ligand
complex excited state cybotactic system {L*Tb e+*} is a Ps
formation precursor, and will be referred to as a direct Ps
precursor. All the cybotactic systems formed in the proposed
mechanism will be represented by their constituents inside
braces. The participation of excited states in the Ps formation
process has been already proposed by Zhang and Ito in their
resonant model.7–9 However, they never derived any equation
to explain the intensity of the Ps formation from their model.
The ligand excitation in the reaction (1Tb) is realized by inelastic
collision of the epithermal positron inside the spur, with a
constant reaction rate dependant on the constant positron
source activity. The Ps formation reaction (3Tb) competes with
the ligand-to-metal energy transfer (LMET), reaction (4Tb),
leading to the luminescent metal central ion excited state
cybotactic system {LTb* e+*} of the metallic complex.
Another possible pathway to disappear with the direct Ps
precursor {L*Tb e+*} is through the Eu(dpm)3 LMCT, as
proposed in the photoluminescence scheme at the beginning of
this discussion (Fig. 3), leading to the non-luminescent central
metal ion excited state cybotatic system {LEu*w e+*}, as
shown in reaction (6Tb).
The charge transfer band has very high energy in the
Tb(dpm)3, so for this reason, and for the sake of clarity, this
pathway was not included in the proposed kinetic mechanism.
The positronium formation reaction also competes with the
reverse reaction that promotes the ligand de-excitation, as
depicted by reaction (2Tb), and eventually with the reaction of
inhibition of the Ps formation due to the quenching of the
ligand excited state promoted by a solute or impurity, SIQL, if
present, that reacts with the ligand excited state, quenching it.
A similar quenching process can also occur with the
luminescent excited state, if a solute or impurity SIQM reacts
with the metal excited state. These reactions were not included
in the kinetic mechanism, in the beneﬁt of simplicity, but are
important to remember in the context of the possible intra-
spur positron chemistry. In this last case, the solute is a direct
quencher of the luminescent excited state. Both these solutes
are inhibitors of Ps formation: the ﬁrst one is a direct Ps
inhibitor, and the second one is an indirect Ps inhibitor.
At least in principle, a similar mechanism for Ps formation
also occurs with the ligand excited Eu complex, L*Eu, as
depicted in Fig. 7, which explains our previous results correlating
luminescence quantum eﬃciencies and I3 in Eu(III) coordination
compounds.22,23 However, in the case of Eu(dpm)3 at 298 K, the
very eﬃcient LMCT mechanism leads to a non-luminescent
metal ion excited state, quenching luminescence and also
reducing the Ps formation in this complex, as suggested in our
previous publication.23 In the Tb1xEux(dpm)3 solid solutions,
the energy transfer (ET) between Eu(III) and Tb(III) ions links
these two Ps formation mechanisms. The complete mechanism in
the solid solutions can be summarized in the kinetic scheme
depicted in Fig. 7, and partially in the kinetic mechanism through
the kinetic reaction eqn (1Tb) to (11Tb).
Fig. 6 Positronium formation probability and its correlation with
both Eu(dpm)3 concentration (xEu) and luminescence lifetime in the
solid solutions Tb1xEux(dpm)3 at 298 K. (a) Inhibition of the o-Ps
intensity: experimental I3 values (squares) versus the mole fraction of
Eu(III) and calculated I3 values (lines) using the eqn (24) obtained from
the proposed kinetic mechanism. The continuous, dashed and dotted
lines shows the ﬁt (a), (c) and (d), respectively, presented in Table 2.
(b) Positroniun intensity I3 versus the lifetime tLTb* of the Tb(III)
5D4
luminescent excited state. Squares represent experimental data, ﬁtted by
the continuous line R2 = 0.9749. Circles represent calculated data from
the eqn (17) inserted into the eqn (24) and the ﬁtted parameters (a) in
Table 2. Calculated data are ﬁtted by the dashed line, R2 = 0.9796.
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Kinetic mechanism reaction equations
LTbþ eþ !k1Tb fLTb eþg ð1TbÞ
fLTb eþg !k2Tb LTbþ eþ ð2TbÞ
ð3TbÞ
fLTb eþg !k4Tb fLTb eþg ð4TbÞ
fLTb eþg !k5Tb fLTb eþg ð5TbÞ
fLTb eþg þ LEu !k6Tb fLEuy eþg þ LTb ð6TbÞ
fLTb eþg !k7Tb LTbþ eþ þ hnTb ð7TbÞ
fLTb eþg þ LEu !k8Tb fLEu eþg þ LTb ð8TbÞ
fLEu eþg þ LTb !k8Eu fLTb eþg þ LEu ð8EuÞ
fLTb eþg þ LEu !k9Tb fLEuy eþg þ LTb ð9TbÞ
fLTb eþg !k10Tb LTb þ eþ ð10TbÞ
fLTb eþg !k11Tb LTbþ eþ ð11TbÞ
In Fig. 7 and in the reactions eqn (1Tb) to (11Tb), e
+*
represents also an epithermal positron, but with lower kinetic
energy than e+**. L represents the ligand in the metallic
complexes LTb and LEu, while {L*Tb e+*} and {L*Eu e+*}
represent the excited ligand in the metallic complexes with an
epithermal positron in its cybotactic surroundings. {LTb* e+*}
and {LEu* e+*} represent the luminescent central ion’s
excited states in the metallic complexes with an epithermal
positron in its cybotactic surroundings. Finally, {LEu*w e+*}
represents the non-luminescent central ion excited state in the
Eu metallic complex, also with an epithermal positron in its
cybotactic surroundings. The reaction rate constants for each
reaction are deﬁned over the arrows.
Note that the totality of the processes or transformations
represented as reaction equations in this kinetic mechanism
are not intrinsically chemical reactions, but a physical process
or a change of physical state of energy level transitions. For
the sake of simplicity, we will treat them as reactions, and their
corresponding decay constants as reaction rate constants of
ﬁrst, pseudo-ﬁrst or second order.
For the Eu(dpm)3 complex, equivalent reactions (1Eu) to
(11Eu) can be written as shown in Fig. 7. Two other reactions
also occur with the Eu complex, but not with the Tb complex:
the reaction (12Eu) of non-luminescent decay and the reaction
(13Eu) of decomposition of the cybotactic system {LEu*
w e+*},
composed by the non luminescent LMCT state and the
epithermal positron (see Fig. 7). Charge transfer reactions
(6Tb) and (9Tb) lead to the non-luminescent central Eu(III)
ion excited state, labeled with the dagger symbol. In the
Tb1xEux(dpm)3 solid solutions, reactions (1Tb) to (11Tb)
occur. Reactions (8Tb) and its analogue reaction (8Eu) link
the chain reactions of the pure Tb(dpm)3 complex with those
of the chain reactions of the pure Eu(dpm)3 complex. How-
ever, as the Eu receptor energy level is lower than the Tb donor
energy level, the reaction rate constant of reaction (8Tb) is
much higher than that of reaction (8Eu), k8Tb c k8Eu. The
direct interaction of the positron with electrons of the central
ion is certainly shielded by the electrons of the ligand.3,4,10
Thus, we do not propose a Ps formation pathway through
the positron interaction with the central ion excited states
{LTb* e+*}, {LTb*w e+*}, {LEu* e+*}, and {LEu*w e+*}.
However, the observed correlation between the long lumines-
cence lifetime of the Tb 5D4 excited state and the o-Ps intensity
formation, I3, requires a mechanism through which the poster-
ior central ion excited state {LTb* e+*} can aﬀect the prob-
ability of formation of the direct Ps formation precursor
{L*Tb e+*}. This is consistent with the backward energy
transfer from the long-lived central ion excited state to the
ligand, as shown in reaction (5Tb) and in Fig. 3 and 7.
This kinetic mechanism is well in accordance with our proposed
explanation for Ps formation in Eu(BzO)3bipy, Eu(dbm)3phen,
PipEu(dbm)4, PipEu(bzc)4, and Eu(Ph2NCS2)3phen complexes,
and the absence of Ps formation in Eu(Et2NCS2)3phen,
Eu(Et2NCS2)3bipy, and [Eu(OPPh3)3(NO3)3] complexes, as
well as with the low Ps formation probability in the
Eu(Ph2NCS2)3phen complex.
22,23
According to this kinetic mechanism, reactions (1Tb) and
(5Tb) lead to the formation of the direct Ps formation pre-
cursor {L*Tb e+*}, while reactions (2Tb)–(4Tb) and (11Tb) lead
Fig. 7 Scheme for the kinetic mechanism of the Ps formation from
the ligand excited states in Tb1xEux(dpm)3 solid solutions, showing
the Ps inhibition formation and the luminescence quenching, due to
energy transfer between Tb(III) and Eu(III) ions.
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to its disappearance in the pure Tb(dpm)3 complex. Conse-
quently, the reaction rate constants of the last four reactions
should determine the intrinsic lifetime t0fLTb eþg of the direct
Ps precursor {L*Tb e+*}, see eqn (15), while the reaction (6Tb)
determine its quenched lifetime tfLTb eþg see eqn (14). In the
same way, the reaction rate constants of reactions (5Tb), (7Tb)
and (10Tb) determine the intrinsic lifetime t0fLTb eþg of the
luminescent and indirect Ps formation precursor {LTb* e+*},
see eqn (18), while the reactions (8Tb) and (9Tb) determine its
quenched lifetime tfLTb eþg, see eqn (17).
In solid solutions, the presence of solute Eu(dpm)3 will
inhibit the Ps formation due to the reversible reactions (4Tb),
(5Tb), (8Tb) and (8Eu), as will be demonstrated bellow. Based
on these ideas, we write the following kinetic rate equations:
d½fLTb eþg
dt
¼ k01Tb½LTb þ k5Tb½fLTb eþg
 lfLTb eþg½fLTb eþg
ð12Þ
d½fLTb eþg
dt
¼ k4Tb½fLTb eþg þ k8Eu½LTb½fLEu eþg
 lfLTb eþg½fLTb eþg
ð13Þ
With
lfLTb eþg ¼ 1tfLTb eþg
 l0fLTb eþg þ k6Tb½LEu ð14Þ
l0fLTb eþg ¼
1
t0fLTb eþg
 k2Tb þ k3Tb þ k4Tb þ k11Tb ð15Þ
k01Tb ¼ k1Tb½eþ ð16Þ
lfLTb eþg ¼
1
tfLTb eþg
 l0fLTb eþg þ ðk8Tb þ k9TbÞ½LEu
ð17Þ
l0fLTb eþg ¼
1
t0fLTb eþg
 k5Tb þ k7Tb þ k10Tb ð18Þ
Where l0fLTb eþg, l
0
fLTb eþg, t
0
fLTb eþg, and t
0
fLTb eþg are,
respectively, the intrinsic decay constants and intrinsic life-
times of the ligand and central ion Tb(III) excited states
cybotactic systems in the pure Tb(dpm)3 complex, while
lfLTb eþg, lfLTb eþg, tfLTb eþg, and tfLTb eþg are, respec-
tively, decay constants and lifetimes of the quenched excited
states cybotactic systems in the solid solutions. The quenched
lifetimes tfLTb eþg of the Tb(III) central ion excited state are
measured in the luminescence decay curves, and their recipro-
cal is shown in Fig. 5 as a function of the Eu complex and
temperature. The brackets in eqn (12) to (18) and henceforth
represent the notation for the concentration of the stable
species. They also represent the notation for density of prob-
ability of formation, or presence, or existence of the unstable
or labile species inside them in an inﬁnitesimal lapse of time dt
around a time t after the positron implantation. The concen-
trations of the stable species, the non excited complexes LTb
and LEu are constant and known. The epithermal positron
density of probability of presence [e+**] is assumed to be an
unknown constant value proportional to the positron source
activity and with the probability of formation of the spur
conﬁgurational (cybotactic) state that enables reaction (3Tb) to
happen. According to this hypothesis, the kinetics of the
reactions (1Tb) and (1Eu) (this last one only in Fig. 7) of ligand
excitations are assumed to be of pseudo-ﬁrst order, with
apparent rate constants given by k01Tb ¼ k1Tb½eþ and
k01Eu ¼ k1Eu½eþ. Reactions (6Tb), (8Tb), (9Tb) and (8Eu), all
involving a stable species, are also assumed to be of second
order, while all the other reactions are of ﬁrst order kinetics.
This kinetic model predicts two lifetimes in the luminescence
spectrum, one of them given by eqn (14) and the other by eqn (17),
attributed to the ligand to metal energy transfer (3p* - 5D4)
transition (reaction (4Tb)), and to the Tb(
5D4-
7F5) lumines-
cent transition (reaction (7Tb)) – see also Fig. 3 and Fig. 7. As
well demonstrated by Carlos et al.,35 each one of these lifetimes
is composed of a sum of reaction rate constants. In principle,
both lifetimes can be quenched by the Eu complex in the solid
solution. However, our time resolved luminescence decay
spectra were well ﬁtted through only one exponential decay.
This means that one of these lifetimes is much lower than the
other one and cannot be detected by our time resolved lumines-
cence spectrometer, due to its time calibration (time scale in
ms/channel) and time resolution. For this reason, the measured
lifetime was attributed to the 5D4 Tb(III) excited state decay.
According to eqn (17), the luminescence decay constant of the
quenched luminescent Tb(III) central ion 5D4 excited state is a
linear function of the concentrations of the quencher Eu
complex. In the solid solutions studied in this work, the
Eu(dpm)3 complex is the unique quencher of the
5D4 excited
state of the Tb(dpm)3 complex through reaction (8Tb). Plotting
the luminescence constant decay lLTb in eqn (17), which is the
reciprocal of the luminescent 5D4 level of Tb(III) ion lifetimes
tLTb in Table 1, against the Eu(III) complex mole fraction,
straight lines are obtained for both temperatures, as shown in
Fig. 5. The resulting luminescence quenching constant, kQlum,
can be deﬁned from eqn (17) as kQlum = k8Tb + k9Tb. kQlum
measures, at the same time, the energy transfer eﬃciency from
the Tb(III) ion excited state toward the 5D0, and LMCT Eu(III)
excited states, according to reactions (8Tb) and (9Tb), respec-
tively. The values of the luminescence quenching constants
kQlum at 298 and 77 K are 1254 and 894 s
1, respectively, with
determination coeﬃcients, R2, of 0.88 and 0.85, respectively, as
shown in Fig. 5. However, the lifetimes for xEu = 0.5 at both
temperatures are slightly higher than the lifetimes at the pre-
vious concentration, and higher than expected from a smoothed
decreasing lifetime behavior for a quenching process (see
Fig. 5). This leads to a lever eﬀect, reducing the quenching
constant, when ﬁtting the straight lines to determine kQlum. For
this reason, we redetermined kQlum as 1899.2 and 1372 s
1, with
determination coeﬃcients, R2, of 0.99 and 0.95, at 298 and
77 K, respectively, using only the ﬁrst three data for excited
state lifetimes. As will be demonstrated later, these last values
can better explain the Ps inhibition formation observed. We
cannot exclude the possibility of cooperative eﬀects at high
quencher concentrations. In this case, the kinetics of the
quenching reaction can be higher than second order, and the
above mentioned linearity may be compromised over a high-
enough quencher concentration. It is interesting to note that
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Eu(dpm)3 does not act as a quencher of the Ps lifetime, as can be
veriﬁed by the t3 constancy around the average value of 1.7 ns
between a 0.025 and 0.3 mole fraction, as shown in Table 1.
This o-Ps lifetime, slightly higher than the o-Ps lifetime 1.4 ns in
the Tb(dpm)3 complex, is probably related to a lesser size of the
Eu(dpm)3 complex, which provides larger free volumes around it
when inserted into the matrix of the former, increasing the o-Ps
lifetime trapped inside these free volumes. The apparent increase
of t3 for higher concentrations can be also a mathematical
artifact of the positron lifetime spectrum ﬁtting procedure,
due to the low o-Ps intensities.14 Note that the repeatability
uncertainty of t3 in the last three concentrations in Table 1 is
almost ten times greater than that one for the other values.
Applying the steady state hypothesis by equaling eqn (12)
and (13) to zero, we obtain:
½fLTb eþg ¼ tfLTb eþgfk01Tb½LTb þ k5Tb½fLTb eþgg
ð19Þ
½fLTb eþg ¼ tfLTb eþgfk4Tb½fLTb eþg
þ k8Eu½LTb½fLEu eþgg
ð20Þ
From eqn (19), it is clear that the density of the probability of
{L*Tb e+*} formation, the direct Ps formation precursor,
depends on the density of the probability of {LTb* e+*} for-
mation, the luminescent excited state and indirect Ps formation
precursor, provided that the backward reaction (5Tb) has a
rate constant other than zero. The density of probability of
{L*Tb e+*} formation also depends on the ligand and Eu(III)
ion excited state lifetimes. Contrary to what was implicitly stated by
Carlos et al.,35 the use of the steady state hypothesis does not lead
to a misleading interpretation of the experimentally measured
lifetime or of their components, once the steady state hypothesis
does not determine these lifetimes, but only an approximated
estimation of the ‘‘concentrations’’ of the decaying species. In this
work, the steady state hypothesis is applied to the formation density
probabilities of the diﬀerent intermediary states of the kinetic
mechanism. Note that the lifetimes are established by eqn (14)
and (17), before the application of the steady state hypothesis.
Inserting eqn (20) in eqn (19), we ﬁnally obtain:
½fLTb eþg
¼ tfLTb eþgðk
0
1Tb þ k5Tbk8EutfLTb eþg½fLEu eþgÞ½LTb
1 k4Tbk5TbtfLTb eþgtfLTb eþg
ð21Þ
According to eqn (14), (15), (17) and (18), which deﬁne the
quenched and intrinsic lifetimes of the ligand and central ion
excited states, it can be shown that the denominator of
eqn (21) is a fraction of unity.
In the pure Tb complex, we have [{LEu* e+*}] = 0, and so
the density of probability of {L*Tb e+*} formation, obtained
from eqn (21), becomes the constant value:
½fLTb eþg0 ¼
k01Tbt
0
fLTb eþg½LTb0
1 k4Tbk5Tbt0fLTb eþgt0fLTb eþg
¼ k
0
1Tbl
0
fLTb eþg½LTb0
l0fLTb eþgl
0
fLTb eþg  k4Tbk5Tb
ð22Þ
As the intrinsic lifetimes of the excited states are both
greater than their quenched lifetimes, the denominator of
eqn (22) is also a fraction of unity, but it is lower than
the denominator of eqn (21). The numerator of eqn (22)
is higher than the numerator of eqn (21), because
t0fLTb eþg4 tfLTb eþg; the second part in the sum of the
numerator of eqn (21) is very low, and does not compensate
the eﬀect of the decrease of tfLTb eþg relative to t0fLTb eþg.
The ﬁnal result is that eqn (22) leads to a higher value of
the Ps direct formation precursor density of probability
of presence than eqn (21). This implies higher o-Ps intensity
in the pure Tb complex than in the solid solutions studied,
explaining the observed Ps inhibition shown in Fig. 6(a).
If the backward reaction (5Tb) does not occur, the density of
probability of {L*Tb e+*} formation is given by eqn (23), and
becomes independent of the luminescent excited state lifetime,
which still explains the nonlinear dependence, observed in
Fig. 6(a) between the intensity of o-Ps formation (I3) and the
Eu(dpm)3 concentration (xEu), provided that k6Tba 0. On the
other hand, the absence of the backward reaction (5Tb) does
not explain the linear dependence, observed in Fig. 6(b),
between the intensity of the o-Ps formation (I3) and the
lifetime tLTb* of the luminescent
5D4 excited state of the Tb(III)
central ion as a function of the Eu(dpm)3 concentration (xEu).
½fLTb eþg ¼ k01TbtfLTb eþg½LTb ð23Þ
Eqn (21) can already explain the Ps formation inhibition observed
in Fig. 6(a). However, for its complete solution and use, it is
necessary to treat mathematically the kinetic equations of the
reactions in the Eu branch of the kinetic scheme in Fig. 7 to which
it is coupled, which lead to many ﬁtting parameters. For the sake
of simplicity, we will consider an approximated version of this
equation by considering k01Tb  k5Tbk8EutfLTb eþg½fLEu eþg
to make k01Tb þ k5Tbk8EutfLTb eþg½fLEu eþg ﬃ k01Tb. This is
equivalent to disregarding the fraction of Ps formed from the Eu
complex. Also using [LTb] = xTb = (1  xEu), the eqn (21)
reduces to the eqn (24).
½fLTb eþg ¼ k
0
1TbtfLTb eþg½LTb
1 k4Tbk5TbtfLTb eþgtfLTb eþg
¼ k
0
1Tb½l0fLTb eþg þ ðk8Tb þ k9TbÞ½LEuð1 ½LEuÞ
ðl0fLTb eþg þ k6Tb½LEuÞ½l0fLTb eþg þ ðk8Tb þ k9TbÞ½LEu  k4Tbk5Tb
¼ k
0
1Tb½l0fLTb eþg þ kQlumxEuð1 xEuÞ
ðl0fLTb eþg þ k6TbxEuÞ½l0fLTb eþg þ kQlumxEu  k4Tbk5Tb
ð24Þ
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The probability of o-Ps formation, I3, should be dependent of the
reaction (3Tb) rate constant, and proportional to the probability
of presence of the direct Ps precursor [{L*Tb e+*}]. For this
reason the I3 behavior against the mole fraction of the Eu
complex should be explained by eqn (22) and (24). These
equations have, respectively, ﬁve and seven parameters, pi, to
be ﬁtted. In order to reduce the number of ﬁtting parameters of
these equations, we ﬁxed the value of the luminescent excited
state decay constant in the pure Tb complex to the reciprocal of
its measured lifetime: l0fLTb eþg ¼ 1=ð0:763 msÞ ¼ 1310:6 s1:
The value of k4Tb was ﬁxed to 1 
 108 s1, nearly the lowest
experimental value for the triplet excite state to Eu3+ ı´on energy
transfer rate constant in various Eu(III) b-diketonates,26,35 and
ﬁnally kQlum = k8Tb + k9Tb was ﬁxed to its experimental values
obtained as shown in Fig. 5. Then, using a simple Excels
spreadsheet, we calculated [{L*Tb e+*}]0 from eqn (22),
considering [LTb] = xTb = 1 and varying the values of
l0fLTb eþg, k
0
1Tb, and k5Tb, in order to obtain [{L*Tb e
+*}]0 =
I03 = 39.6, which is the yield of o-Ps formation measured in the
pure Tb complex, as shown in Table 1. After that, we obtained
a good ordinary least square (OLS) ﬁt of the eqn (24) over all
the data of I3 vs. xEu in Table 1, varying k6Tb to lead to the
ﬁtted parameters values of the ﬁts (a) to (c) in Table 2, as
shown in Fig. 6(a). The standard deviations of the ﬁts, sﬁt,
were calculated on the basis of 7 = 11  4 degree of freedom,
and are all well within the experimental repeatability uncer-
tainties of I3 values given in Table 1. Note that the last three
points in Fig. 6(a) are the most apart from the calculated I3
values, and are the points that most contribute for the value of
the standard deviation of the ﬁt. The reason for these high
deviations of the calculated values is our working hypothesis
of a null contribution for the Ps formation yield from the chain
reactions of the Eu complex, in order to simplify the proposed
model. As shown in Table 2, k6Tb is poorly deﬁned; the best ﬁt,
with the four above mentioned parameters ﬁtted, is obtained
with a k6Tb = 9 
 108 s1, ﬁt (b). In this case, however, the
calculated I03 is 38.8%, a little below the experimental value,
and the curve is almost the same as for ﬁt (a), so it was not
included in Fig. 6(a). The negative k6Tb value bends the calcu-
lated curve to better ﬁt the last three points (see ﬁt (d) in Fig. 6(a)
and Table 2), and physically means that the reverse reaction (6Tb)
of charge transfer occurs, rather than the direct reaction, increas-
ing the direct Ps precursor formations at high Eu concentration.
However, this is only a mathematical artifact of the ﬁt, due to the
model simpliﬁcation, that neglects the Ps formation from the Eu
complex, forcing the Ps yield to zero at xEu = 1. For this reason
and considering its uncertainty, we retained the null value for
k6Tb as the best physical solution for the ﬁt.
The uncertainties of the ﬁtted parameters were obtained
with an approximated procedure. We vary symmetrically each
ﬁtted parameter above and below its best ﬁtted value, while
the other are ﬁxed at their best ﬁtted values. The obtained sum
of squares deviations, SQ ¼Pn
i¼1
ðI3;i;exp  I3;i;calcÞ2, are ﬁtted to
a parabola SQ = a + bpi + cp
2
i , and the uncertainties u(pi)
of the ﬁtted parameters, pi, are given by:
36 uðpiÞ ¼
sfit
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 @
2SQ
@p2
i
 1r
¼ sfit
ﬃﬃﬃﬃﬃﬃﬃ
c1
p
. This procedure can underestimate
or overestimate the uncertainties when the parameters are
correlated among them, but can give an idea of these uncer-
tainties, and has no signiﬁcant eﬀect on our conclusions, even
if they are ten times higher.
As discussed above, concerning the determination of the
quenching luminescence rate constant or energy transfer eﬃ-
ciency, using the value of kQlum = 1254.3 s
1 as obtained from
all the four points in Fig. 5, with the other parameters values
obtained in the best ﬁt of eqn (24), the standard deviation of
the ﬁt increases to the worst value, see ﬁt (c) in Table 2. Note
that ﬁt (d) is the best ﬁt in Table 2, but it was also obtained by
ﬁtting the luminescence rate constant to 4000 s1, which is
incompatible with all the measured values shown in Fig. 5.
This ﬁt (d) shows clearly the potentiality of the simpliﬁed
model represented by the eqn (24) and anticipates the potenti-
alities of the complete solution of the proposed kinetic model
represented in Fig. 7.
The success of eqn (24) to ﬁt the observed Ps formation
inhibition, using the highly uncertain reaction rate constant
k6Tb = (0.0  1.1 
 109) s1, shows that, if the 3p*- LMCT
transition occurs in the Tb complex, as seen in reaction (6Tb),
it has a very low reaction rate and no signiﬁcant eﬀect on the
Ps formation yields. Another very important result of this ﬁt
over the I3, obtained from the positron lifetime spectra, was
the precise estimation of the lifetime of the 3p* ligand excited
state, which is the direct Ps formation precursor {L*Tb e+*}
as t0fLTb eþg ¼ 1
.
l0fLTb eþg ¼ ð99:40 0:84Þ ps, that is out of
the time scale and time resolution of the luminescence lifetime
phosphorimeter. However, we have veriﬁed by ﬁtting eqn (24)
that this value can be as low as 45 fs if the rate constant of the
ligand to metal energy transfer, k4Tb, is ﬁxed to a value as high
as 2.2 
 1011 s1 or 220 ns1, as occurs in one of the Eu
complexes in Table 3 of ref. 26, and the other ﬁve parameters
also ﬁxed to their same values appearing in the ﬁrst line of
Table 2. As expected from a contour problem concerning a
system of diﬀerential equations, this shows that the ﬁtted
values presented in Table 2 are not the unique solutions for
the kinetic parameters of the proposed kinetic mechanism to
Table 2 Values of the seven parameters of eqn (24). The three parameters without uncertainties are ﬁxed to measured values or literature values,
the others four parameters were ﬁtted on the positronium yields I3 vs. xEu in Table 1 and shown in Fig. 6(a). The uncertainties were obtained by a
numerical procedure; see the text for further discussion
Fit l0fLTb eþg/ns
1 t0fLTb eþg/ps
l0fLTb eþg/
s1
t0fLTb eþg/
ms k01Tb/ns
1
k4Tb/
ns1 k5Tb/ms
1 k6Tb/ns
1 kQlum/s
1 sﬁt/%
(a) 10.060  0.085 99.40  0.84 1310.6 0.763 95.8  2.8 0.1 0.1000  0.0012 0.0  1.1 1899.2 2.315
(b) 10.080  0.078 99.21  0.77 1310.6 0.763 95.0  2.6 0.1 0.1000  0.0011 0.90  0.94 1899.2 2.159
(c) 10.080  0.12 99.21  1.2 1310.6 0.763 95.0  3.6 0.1 0.1000  0.0017 0.9  1.1 1254.3 3.227
(d) 10.060  0.073 99.40  0.72 1310.6 0.763 98.0  2.4 0.1 0.1000  0.0011 6.0  0.66 4.00 
 103  0.32 
 103 1.925
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ﬁt the data presented in Fig. 6(a) and Table 1. In this context,
we are working to obtain the experimental value of the lifetime
of the ligand 3p* excited state, in order to reduce yet more the
number of free parameters to be ﬁtted with the
experimental data.
The Eu complex concentration can be obtained by inserting
eqn (17) into eqn (24) leading to a relation between [{L*Tb e+*}]
and the luminescent excite state lifetimes tfLTb eþg ¼1

lfLTb eþg.
Using this relation with the lifetimes of the luminescent Tb(III)
excited state for the solid solutions with Eu complex mole
fractions of 0.0, 0.1, 0.3 and 0.5 and the parameters of the ﬁt
(a) in the Table 2, the following values of I3: 39,4, 23,2, 14,0
and 13,2% (circles, ﬁtted by the dashed line in Fig. 6(b)) were
calculated, in very good agreement with the experimental
values in Table 1. Due to the smoothing eﬀect of the ﬁt of
the eqn (24), the linear correlation between the luminescent
lifetime of the indirect Ps formation precursor and the calcu-
lated o-Ps formation probability, 0.9796, is even better than
with the experimental values, 0.9749, Fig. 6(b).
The Stern–Volmer equation predicts a linear increase in the
ratio between the o-Ps intensity in the Tb complex (I03) and the
o-Ps intensity in the solid solutions (I3) versus the inhibitor
concentration: I03/I3 = 1 + kxEu. This linearity was used to
estimate the total inhibition constant k = 5.6 above. Eqn (24)
predicts a more complex behavior for this ratio. However,
ﬁtting the Stern–Volmer equation on the calculated I3 values
given by eqn (24), using the ﬁtted parameters of the ﬁt (a) for
the ﬁrst eight points in the Fig. 6(a), we calculated a total
inhibition constant k = 5.9 with r = 0.994, very close to the
experimental one. This demonstrates very well that the proposed
mechanism can also explain the Stern–Volmer behavior observed
at lower concentrations. We would like to emphasize that,
although the Stern–Volmer equation has been used for a long
time to corroborate the Ps formation spur model, it was never
deduced from any reactional mechanism version of this model
without strong simpliﬁcation hypothesis. The Stern–Volmer
equation was deduced by Byakov37 for the radiolytic molecular
hydrogen yields in water, when the pseudo ﬁrst order hypothesis
was applied for water and for free electron concentrations,
assumed as constant. The author considers that the Stern–Volmer
equation can also be applied for positronium inhibition for-
mation, within the framework of competitive reactions of free
electrons with free positrons or with free electron scavengers into
the spur, assuming the simplifying hypothesis of constant free
electron ‘‘concentration’’ into the spur.
The major diﬀerence between the chain reactions of the Tb
and Eu complexes in the kinetic mechanism shown in Fig. 7
comes from the fact that, in the case of the Tb complex, the
reactions (6Tb) and (9Tb) are of second order (bimolecular),
contrary to their analogues’ ﬁrst order (unimolecular) reactions
(6Eu) and (9Eu) of the Eu complex, since they are an intramolecular
process:
fLEu eþg !k6Eu fLEuy eþg ð6EuÞ
fLEu eþg !k9Eu fLEuy eþg ð9EuÞ
This strongly increases the eﬃciency of these reactions, reducing
the intrinsic lifetimes (increasing the intrinsic decay constants)
of both direct and indirect Eu positronium precursors, when
compared with its Tb complex counterparts. This is a probable
reason to explain the absence of Ps formation in the pure
Eu(dpm)3 complex at room temperature.
Following the same procedure used to deduce eqn (12)
through (24), the following equations can be deduced for the
density of probability of presence for {L*Eu e+*} in the pure
Eu complex:
½fLEu eþg0 ¼
k01Eut
0
fLEu eþg½LEu0
1 k4Euk5Eut0fLEu eþgt0fLEu eþg
¼ k
0
1Eul
0
fLEu eþg½LEu0
l0fLEu eþgl
0
fLEu eþg  k4Euk5Eu
ð25Þ
with
l0fLEu eþg ¼
1
t0fLEu eþg
 k2Eu þ k3Eu þ k4Eu þ k6Eu þ k11Eu
ð26Þ
k01Eu ¼ k1Eu½eþ ð27Þ
lfLEu eþg ¼ 1tfLEu eþg
 l0fLEu eþg þ k8Eu½LTb ð28Þ
l0fLEu eþg ¼
1
t0fLEu eþg
 k5Eu þ k7Eu þ k9Eu þ k10Eu ð29Þ
Note that the intrinsic decay constants for the direct and
indirect Eu positronium precursors, eqn (26) and (29), have
more components than their Tb complex counterparts,
eqn (15) and (18), reducing their lifetimes as discussed above.
Note also that the ligand excited state in the direct Ps
precursor from the Eu complex is not quenched by the Tb
complex in the solid solutions. Extrapolating the luminescence
quenching behavior at 298 K depicted in Fig. 5 for xEu = 1,
the expected decay constant for the 5D0 Eu excited state is
l0fLEu eþg ¼ ð1899:2þ 1330:6Þ s1 ¼ 3229:8 s1, corresponding
to a lifetime of only 0.31 ms. If all of the other rate constants
explicitly or implicitly appearing in eqn (25) have the same
value as for the Tb complex, the expected positronium yield in
the pure Eu(dpm)3 should be 13.78%. If, by this hypothesis,
we consider also that the decay constant of the Eu positronium
direct precursor, eqn (26), is only four times greater than its Tb
homologue ðl0fLEu eþg ¼ 40:24 ns1Þ, eqn (15), corresponding
to a lifetime of 24.9 ps, the positronium yield decreases to
2.58%, in very good agreement with the experimental value
2.4%, shown in Table 1. This result corroborates, once more,
the proposed kinetic model, as well the discussion above
concerning the bad ﬁt of the last three points in Fig. 6(a)
promoted by eqn (24).
At liquid nitrogen temperature, the LMCT state does not
quench the luminescence of the Eu(dpm)3 complex. This
means that reaction (9Eu) (see also Fig. 7) does not occur
(k9Eu = 0) or that it has a very low rate constant (k9Eu{ k4Eu).
With this consideration, we expected a higher probability
of {L*Eu e+*} formation and consequently of Ps forma-
tion in Eu(dpm)3 in liquid nitrogen as compared to 298 K.
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However, we have not detected any Ps formation in positron
lifetime spectra for this complex at 77 K temperature. From
the proposed mechanism, four non-excluding hypotheses can
be raised to explain this observation:
(i) For an unknown reason, the reaction rate constant k3Eu
for positronium formation (see Fig. 7) is extremely low when
compared with the reaction rate constant k3Tb for positronium
formation of the reaction (3Tb) from the Tb complex;
(ii) Due to a very fast 3p*- 1p de-excitation transition, the
intrinsic lifetime of the ligand excited state in the direct Ps
precursor of the Eu(dpm)3 complex is very low compared with
its homologue in the Tb(dpm)3 complex. This is equivalent to
considering in our kinetic mechanism that the reaction rate
constant k2Eu is much greater than k2Tb.
(iii) The reaction rate k11Eu of decomposition of the direct
Ps precursor {L*Eu e+*} can be very high at these low
temperatures, promoting the positron to a conduction band
or other delocalized state, for example; this can strongly reduce
the intrinsic lifetime of the direct Ps formation precursor, when
compared with its homologous Tb complex, to below 10 or
even below 1 ps. And, ﬁnally, another very probable reason:
(iv) The reaction rate constant k1Eu for the ligand excitation
of the Eu complex (see Fig. 7) promoted by epithermic
positrons is extremely low when compared with k1Tb, the
reaction rate constant of reaction (1Tb) of the Tb complex,
k1Eu { k1Tb. In other words, the quantum yield to form the
direct Ps formation precursor in the Eu complex by positron
impact is much lower than in the Tb complex.
A ﬁfth possible hypothesis, not related to the proposed
kinetic mechanism, to explain the absence of Ps formation
in the Eu(dpm)3 is that the paramagnetic Eu(III) ion can,
eventually, strongly quench the hot nascent Ps by spin conver-
sion, yielding to an apparent strong inhibition eﬀect.38 However,
the increasing value of the full width at half maximum of the
annihilation radiation ray, measured at 295 K by Doppler
broadening spectroscopy with increasing Eu complex concen-
tration is inconsistent with this hypothesis.39
Note that none of the ﬁve hypotheses raised above interfere
with the light excitation and luminescence of the Eu(dpm)3
complex observed at 77 K. This means that not all luminescent
complexes needs to necessarily form Ps, as implicitly consid-
ered in our previous publication.22
The complete solution of the proposed kinetic mechanism is
only possible by a numerical solution of a system of four non
linear equations for the four unknown probabilities of formation:
[{L*Tb e+*}], [{LTb* e+*}], [{L*Eu e+*}], and [{LEu* e+*}].
However, as demonstrated above, the simpliﬁed solution
describes very well the observed results within their uncertainty
ranges.
4. Conclusion
We have developed a kinetic mechanism that clearly demon-
strate that the luminescence lifetime of the 5D4 electronic
excited state of the Tb(III) ion determine the positronium
formation yields in solid solutions of Tb1xEux(dpm)3, even
if the Ps formation occurs at a much lower time scale than the
luminescent decay lifetime. The proposed kinetic mechanism
shows that the increase of the lifetime of the direct Ps formation
precursor, the ligand excited state 3p* in the cybotactic system
{L*Tb e+*}, or the increase of the lifetime of the indirect Ps
precursor and luminescent central ion excited state 5D4 in the
cybotactic system {LTb* e+*}, can lead to an increase of the
density of probability of formation of the direct Ps formation
precursor and, consequently, of the Ps yields. The ﬁtted values
at nearly 95 ns1 for the reaction rate constant, k01Tb, of the
molecule excitation by the epithermal positrons, indicates that
the Ps formation process occurs within a time range of 10 ps,
in agreement with the literature. The proposed mechanism
raises strong evidence of the participation of electronic excited
states as precursors for the Ps formation, as proposed in the
resonant model. It also shows that various reactions or
changes of states involving these excited states and Ps precursors
compete with the Ps formation reaction in a very similar way, as
proposed by the spur model. For this reason, the proposed
kinetic mechanism explains very well the Ps formation inhibition
behavior observed in this work and the success of the empirical
Stern–Volmer equation to ﬁt the Ps yield data versus the Eu
complex mole fraction in the studied solid solutions. The results
interpretation on the basis of the proposed kinetic mechanism
lead to a better understanding of the Ps formation mechanism,
showing that a realistic Ps formation mechanism must combine
some characteristics of the resonant, of the spur, and of the Ore
models. The proposed kinetic mechanism also enables the design
of new experiments to increase our knowledge of this realistic
mechanism. Finally, the use of the luminescence quenching rate
constant, obtained from time resolved luminescence spectroscopy
as input data to ﬁt the dependence of the positronium yields
versus Eu concentration, demonstrates that the association of the
time resolved luminescence and positron lifetime spectroscopies
to study luminescent compounds, and their solid solutions, can
be a very powerful strategy to understand the mechanism of Ps
formation. The complementarity of these two techniques is
corroborated by the estimation of the highly labile ligand excited
state lifetime of nearly 99 ps, from the ﬁt of the positron lifetime
results to the proposed model, well below the detection capability
of the time resolved luminescence spectrometer.
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